Herein, we designed a p + -Si/n-ZnO heterostructure with 1D1R function. Compared with the conventional multilayer 1D1R devices, the structure and fabrication technique can be largely simplified. The real-time imaging of formation/rupture process of conductive filament (CF) process demonstrated the RS mechanism by in-situ transmission electron microscopy (TEM). Meanwhile, we observed that the formed CF is only confined to the outside of depletion region of Si/ZnO pn junction, and the formation of CF does not degrade the diode performance, which allows the coexistence of RS and rectifying behaviors, revealing the 1D1R switching model. Furthermore, it has been confirmed that the CF is consisting of the oxygen vacancy by in-situ TEM characterization.
Resistive random access memory (RRAM) has been considered to be the candidate to overcome the physical and technological limitations for next-generation nonvolatile memory due to their superior performance, such as simple structure, fast switching speed, high storage density, and low power consumption [1] [2] [3] [4] . For further application of RRAMs, it is necessary to realize the integration of a mass of RRAMs. A passive crossbar array is regarded as one of the most promising architectures for RRAM integration, because of the simplicity, scalability, and multiple stackability of this structur [5] [6] [7] . However, the crossbar array architecture suffers from an intrinsic crosstalk problem in practical applications. Some function devices, especially one diode-one resistor (1D1R) device, can effectively suppress the crosstalk current and achieve high-level integration in the crossbar network [8] [9] [10] . Most of conventional 1D1R devices usually consist of a stack of sandwich-structure RRAM and pn junction diode, thus having a complex multilayer structure 11, 12 . Compared with the traditional 1D1R devices with discrete components, some simple sandwich structures (e.g., Ti/TiO 2 /Pt, n + -Si/HfO 2 /Ni) have been designed to realize the 1D1R function, effectively decreasing the complexity of fabrication process and potentially increasing the 3D integratio 10, 13 . However, the switching mechanism is still uncertain in thesesingle-stacked1D1R devices. There is less direct evidence to clarify the relationship between the resistance states and their corresponding internal structures due to the difficulty of analyzing in an oxidation state insulator. Recently, the in-situ transmission electron microscope (TEM) has been shown to be a powerful tool for studying the ion migration and electrochemical reactions at the nanoscale [14] [15] [16] . Some groups have observed the forming/rupture of conductive filament (CF) and analyzed the CF's components and structures by electron energy loss spectroscopy (EELS) and energy dispersive spectroscopy (EDS) equipped with in-situ TEM 17, 18 . Herein, we designed a p + -Si/n-ZnO/Al heterostructure device. The simple stacked device shows coexistence of the rectification and resistive switching (RS) characteristics, realizing the 1D1R switching functions. Furthermore, we demonstrate that the RS is associated with the formation and rupture of CF by the in-situ TEM observations. The TEM images, EDS and EELS spectrum have been used to identify the CF's components, indicating that the dominant conducting species is oxygen vacancy. Importantly, we observed the existence of pn junction during the RS processes, and the formation and rupture of localized CF model is proposed to explain the 1D1R switching behavior.
Results and Discussion
A structural diagram of the p + -Si/n-ZnO/Al 1D1R device is shown in the inset of Fig. 1(a) . The heavily doped p-type Si substrate is used to form pn heterojunction, which can also be regarded as the bottom electrode for the RRAM. The ZnO film has been experimentally determined to be n-type by a negative Hall coefficient. Thus, the n-ZnO can serve as n-type semiconductor layer as well as the switching layer, realizing the 1D1R structure design. The initial heterostructure device shows the asymmetric rectifying current-voltage (I-V) characteristics, as shown in Fig. 1(a) , which could attribute to the rectifying effect of the p + -Si/n-ZnO junction diode. To justify this, the energy band structure of p + -Si/n-ZnO/Al device and the I-V cures of Al/ZnO/Al reference device were shown in Figs S1 and S2 of the supporting information. A 'forming' process is required to activate the RS behavior by applying a positive voltage on the p + -Si electrode. Here, a proper current compliance (CC) of 5 mA was selected to protect the device from hard breakdown. The level of CC can change the spatial distribution of CF and thus affect the 1D1R device performance, which has been discussed in the Figs S3 and S4 of supporting information. After this electroforming process, the pn heterostructure device shows a typical unipolar RS behavior ( Fig. 1(b) ). The positive set and reset voltages (V SET and V RESET ) of ~7 V and ~3 V can cause the reversible switching between the high resistive state (HRS) and the low resistive state (LRS). It is noted that the LRS still shows the rectifying behavior for this heterostructure device ( Fig. 1(c) ). To clarify the rectification characteristics, we study the conductive behaviors of the HRS and LRS. According to the junction emission model, the current density J can be expressed as:
, where A*, ε , Φ, and d are the Richardson constant, dielectric constant, barrier height and effective switching thickness, respectively 19, 20 . The relation of V 1/2 ∝ In(I) indicates that a junction emission mechanism is suitedfor the conductive behaviors of the HRS and LRS ( Fig. 1(d) ), indicating the existence of the junction. Combining with the above analysis (Figs S1 and S2), the junction emission is attributed to the p + -Si/n-ZnO diode. Thus, the p + -Si/n-ZnO/Al device works as one diode in series with one unipolar RRAM device, realizing the 1D1R switching. Compared with the traditional 1D1R devices with discrete components (one diode in series with one unipolar RRAM), this simple structure device can effectively simplify the fabrication process and increase the success rate in the integrated crossbar network. Meanwhile, the single vertical structure can also decrease the spatial size, potentially increases the 3D integration density.
The reliability of this 1D1R device is demonstrated in its cycling endurance and retention time tests, as shown in Fig. 2(a) and (b) , respectively. The resistance states scatter to a certain extent during the unipolar RS, and the resistance ratios of HRS and LRS approach 100 in 100 continuous sweeping cycles, (see Fig. 2(a) ). Meanwhile, both the LRS and HRS can be retained for over 10 4 s without any degradation. Herein, a 1V bias is used as the readout voltage for the 1D1R device, because its LRS I-V curve indicates that the turn-on voltage of p + -Si/n-ZnO diode is less than 1V (Fig. 1(c) ). The resistances of HRS and LRS of this 1D1R device are uniform, as shown in Fig. 2(c) . A larger "window" of more than 1 V difference between V SET and V RESET ensures error-free RS operation ( Fig. 2(d) ). In addition, it can be seen from the LRS I-V curve in Fig. 1(c) that the 1D1R device shows a high rectification ratio of > 10 3 at ± 1 V, and especially its reverse resistance is about 10 6 Ω at − 1 V, which is one order of magnitude higher than the HRS resistance. The high reverse resistance of p + -Si/n-ZnO diode ensures an effective suppression of sneak current even in the worst case, where the selected memory cell remains in the HRS and several neighboring cells all are in the LRS. Therefore, the single-stacked 1D1R device has great potential application in the crossbar network.
How to operate the RS in p + -Si/n-ZnO/Al heterostructure devic? To understand the mechanism, we focus on the evolution of CF during the RS process and analyze the CF's components by in-situ TEM. Here, the schematic diagram of in-situ cross-sectional TEM device was shown in Fig. 3(f) . Figure 3 shows the forming/rupture of the CF by in-situ observations and the corresponding I-V measurements. The ZnO film shows the initial high resistance value (see Fig. 3(a) ) and is electroformed by using a voltage sweep process with a CC. When the voltage is gradually raised to about 13V, it causes a switching from the HRS to LRS. It is known that, in many transition metal oxides, oxygen ion defects and oxygen vacancies are much more mobile than cations under an external electric field 21 . The oxygen ions migration due to the electric field could cause the oxygen-vacancy doping, resulting in the decrease of the resistance 2, 22 . Thus, the switching behavior could be attributed to the accumulation of oxygen vacancy and formation of the CF in the ZnO film (Fig. 3(b) ). As the continuous effect of the electric field, the resistance gradually decreases (the inset of Fig. 3(e) ) and the CF become larger in diameter (Fig. 3(c) ). We also find that the resistive value fluctuates as the applied voltage, which may be due to the competition of CF's forming and rupture in the ZnO film 23, 24 . Then the current suddenly drops as a typical unipolar RS, the sample switches to the HRS (Fig. 3(e) ) and the rupture of CF is observed (Fig. 3(d) ). The forming and rupture processes of CF were We further analyze the CF's components of the in-situ specimen through the TEM images, EDS and EELS spectrum. The forming of CF was recorded in Movie S2 of the supporting information. The initial TEM image of ZnO film is acquired from another sample (Fig. 4(b) ). A voltage (~11.5 V) triggers the abrupt increase of current to the CC, and the resistance switches from the HRS to LRS, as shown in Fig. 4(a) . Meanwhile, the CF appears in the LRS of this 1D1R device (Fig. 4(c) ). Then, we contrast and analyze the HRS and LRS region (red square marked in Fig. 4(b) and (c), respectively). The Fast Fourier Transform (FFT) results of HRS and LRS are shown in the lower left insets of Fig. 4(b) and (c), respectively. The diffraction rings indicate that the ZnO film has a polycrystalline structure in the HRS. The diffraction spot marked with a red-line circle in the lower left insets of Fig. 4(c) demonstrates that the LRS may exist in a newly generated Zn atom phase, revealing that the CF is converted to ZnO 1−x . This result indicates that the CF is an oxygen-deficient (oxygen vacancy) states, which has been further proved by measuring the EDS spectra and EELS spectra. The atomic ratio of oxygen and zinc in the HRS is higher than that in the LRS, as shown in the lower right insets of Fig. 4(b) and (c), respectively. In both the HRS region and LRS region, the similar Zn L-edge signals are shown in the Fig. 4(d) , matched with the EELS spectra of ZnO [25] [26] [27] . But here shows the difference of the OK-edge signal between the CF and ZnO matrix. The intensities of the B and C peaks of CF region are found to decrease as compared to that of ZnO matrix (Fig. 4(e) ). The reduction in intensity is addressed to a decrease of the available empty O 2p states, which implies the out-diffusion of oxygen from the CF. Furthermore, the E peak is not visible in the CF region, suggesting the occurrence of structural disorder, which is due to the presence of a large quantity of oxygen vacancies 27, 28 . Due to the high vacuum in the TEM chamber making the re-oxidation of the oxygen-deficient filament difficult, the reset process under the vacuum often failed 29 . Compared with the ex-situ RS test, we found that it is more difficult to realize the reset process in our in-situ TEM experiment. Thus, it implies that the oxygen vacancy CF has formed in the ZnO film.
These studies indicate that the RS behaviors occur in the ZnO layer for the p + -Si/n-ZnO/Al device. Many reports and our previous work declared that it did not appear the diode characteristics in the traditional metal-insulator-metal structure of ZnO-based RRAM devices 30, 31 . Considering the special structure, one diode should be attributed to the Si/ZnO interface in this 1D1R device. A depletion region will appear at the Si/ZnO interface owing to their different Fermi level decided by the energy band. Furthermore, the depletion region and the band bending are mainly located in the n-ZnO layer since the electron concentration of p + -Si film is much higher than the hole concentration of ZnO film. Now, let us discuss the RS process in this p + -Si/n-ZnO/Al 1D1R device. When a positive sweep voltage is applied to the device, the electric field will simultaneously affect the ZnO dielectric layer and Si/ZnO junction. Then the resistance of Si/ZnO junction will decrease with increasing the sweep voltage due to the decrease of band bending and depletion region width. The applied external electric field will mainly affect the ZnO dielectric layer. The oxygen ions will migrate due to the electric field, and it leads to the accumulation of the oxygen vacancy and forms the CF in the ZnO film. However, in the depletion region, the built-in electric field, which has an opposite direction with respect to the applied external electric field, will inhibit the migration of oxygen ions. The CF is very difficult to form in ZnO depletion region because of the cancellation between the internal and external electric fields. That is, the CF does not pass through the entire ZnO layer, but is only localized to the outside of depletion region, as shown in the schematic diagram Fig. 5 . Here, the in-situ TEM images also verify our design. The integrated CF through the Al and p + -Si electrode is not formed, but the "gap" at the Si/ZnO interface appears. In other words, the CF is only formed at the outside of depletion region for the LRS, as shown in Fig. 4(c) . The microstructure of ZnO depletion layer, as well as the quality of Si/ZnO interface, is not 
Conclusions
In summary, the 1D1R switching behaviors have been obtained in the p + -Si/n-ZnO/Al RRAM device. The RS mechanism can be attributed to the formation and rupture of the CF based on the migration of oxygen ions, the CF is composed of the oxygen vacancy by in-situ TEM analysis. The TEM characterization demonstrates the existence of the depletion region during the RS process, revealing one Si/ZnO diode in series with one unipolar ZnO-based RRAM model. Compared with the traditional 1D1R devices with discrete components, this single-stacked structure can effectively simplify the fabrication process and potentially increase the 3D integration. For the next step, the new fabrication technology of Si or some p-type materials with high conductivity is necessary to construct the single-stacked 1D1R device.
Methods
Device Fabrication. Ex-situ device. The substrates for film deposition were heavily doped p-type silicon purchased from MTI Corporation, with A low resistivity of ~0.005 Ω · cm. The ZnO film was grown on p + -Si substrates by pulsed laser deposition, and the growth was performed in 20 Pa pure O 2 atmosphere at 600 °C. Finally, the Al electrode was thermally evaporated on the top to complete the device fabrication.
In-situ device. The W tips for in-situ measurements were made using a homemade electrochemical corrosion cell using KOH solution electrolyte. The tips were typically 10 nm at the sharpest end. All the TEM cross-sectional devices were prepared by conventional mechanical polishing and argon ion milling. Then this sample was loaded into a homemade specimen holder. We estimated the thickness of the interesting areas of the devices to be about 30 nm to 60 nm, using electron energy loss spectroscopy (EELS) analyzed by Digital Micrograph software.
Device Test. For all measurements, we define that the positive current flows from p + -Si to Al (or W) electrodes. The ex-situ measurements were carried out using a semiconductor analyzer Agilent B1500 at ambient environmental conditions. The in-situ measurements were conducted in a JEOL 2010F TEM combined with an Agilent B2900 Precision Source/Measure Unit (SMU). An accelerating voltage of 200 kV was used. The TEM holders in our experiments were all homemade and dedicatedly designed for in-situ TEM experiments. The W tip was driven by a nanomanipulator as a movable electrode. 
